Orientation detection and discrimination thresholds were measured for Gabor 'envelopes' formed from contrast-modulation of luminance 'carriers'. Consistent with previous research differences between carrier and envelope orientation had no effect on sensitivity to envelopes. Using plaid carriers in which the proportion of contrast modulation 'carried' by each plaid component was systematically manipulated, it was shown that this tolerance to carrier-envelope orientation difference reflects linear summation across orientation indicative of a single second-stage channel coding for contrast-defined structure. That contrast envelopes did not exhibit linear summation across spatial-frequency, nor across combinations of orientation and spatial-frequency differences, suggests that these second-order channels operate only within certain spatial scales. Using arrays of Gabor micropatterns as carriers in which the orientation distribution of the carriers was manipulated independently of the difference between envelope orientation and mean carrier orientation, it was further demonstrated that the locus of orientation integration must occur prior to envelope detection. In the context of two-stage models that incorporate a non-linearity between the stages, the pattern of results obtained is consistent with the operation of an orientation pooling process between first-stage and second-stage channels, analogous to having all filters of the first-stage feed into all filters of the second-stage within the same spatial-frequency band.
Introduction
In keeping with the response properties of simple cells in primate visual cortex, models of biological pattern vision typically incorporate a bank of linear spatial filters of bandpass orientation and spatial frequency (e.g. Malik & Perona, 1990) . However, linear filtering can only account for the detection of first-order structure (change in luminance over space) even though many visible stimuli involve no net change in luminance, such as objects defined by modulation of contrast (Henning, Hertz, & Broadbent, 1975; Derrington & Badcock, 1986) , orientation (Nothdurft, 1985; Landy & Bergen, 1991; Nothdurft, 1992) , or spatial frequency (Arsenault, Wilkinson, & Kingdom, 1999) . These second-order stimuli can lead to motion (see Derrington & Badcock; Chubb & Sperling, 1988; Wilson, Ferrera, & Yo, 1992) stereo (Wilcox & Hess, 1996 Wilcox, 1999) and object/texture segmentation (Graham & Sutter, 1998) . The perception of second-order structure is usually accounted for by proposing a second stage of filtering operating on the outputs of the first stage following the introduction of a non-linearity (usually half-or full-wave rectification; Chubb & Sperling) .
Given their presumed role as extractors of global structure, second-stage filters are usually modelled as being of lower spatial-frequency than their first-stage counterparts (e.g. . Limited support for this proposition comes from measurement of detection thresholds for contrast modulated (CM) 2-D filtered noise in which the spatial frequency of the CM 'envelope' is manipulated independently of the spatial frequency of the filtered noise 'carrier' (Sutter, Sperling, & Chubb, 1995) . The tuning functions obtained, while broad, demonstrate preference for low-frequency envelopes paired with high-frequency carriers (generally higher in the order of 3-4 octaves), indicating a pre-dominance of connections between high spatial frequency first-stage filters and low spatial frequency second-stage filters.
As to the related issue of orientation connectivity between putative first-and second-stage filters several possibilities exist (cf. Wilson & Richards, 1992; Dakin, Williams, & Hess, 1999; Dakin & Mareschal, 2000) . These are depicted in Fig. 1 in the context of detecting a 45°CM of a 0°luminance carrier. Filters, shown as cosine Gabors, as well as arrows connecting these filters, are highlighted in bold to indicate abovethreshold activity. In 1B non-oriented first-stage filters extract contrast energy simultaneously at all orientations, and variations in the output of these filters, post rectification, are detected by oriented second-stage filters. The most active filter of the second stage is rotated 45°to the right of vertical. Since the first stage is not oriented, no integration of first-order information across orientation is required, and equal sensitivity to all combinations of first-order and second-order orientation follows. However, as outlined in the Discussion this scheme is contradicted by physiological evidence (Zhou & Baker, 1993 Mareschal & Baker, 1998) as well as psychophysical masking data (Dakin & Mareschal) . In 1C a simple oriented scheme is outlined in which first-to second-stage orientation selectivity is maintained, but shifted to a lower spatial frequency. No orientation integration is shown, and as a result sensitivity to second-order orientation is limited to conditions in which carrier and envelope orientation are similar. This is not the case in 1D where outputs of first-stage filters are integrated prior to feeding into second-stage filters (the form of summation is unspecified). This 'early orientation integration' scheme is analogous to having all first-stage filters feed simultaneously to all second-stage filters (i.e. being 'fully connected'; Dakin et al.) . Irrespective of how early orientation integration is achieved, equal sensitivity is predicted for all carrier-envelope orientation combinations. An alternative version of a 'fully-connected' scheme in which a different subgroup of second-stage filters receives inputs from each oriented first-stage filter, followed by within-orientation summation of second-stage outputs (i.e. 'late orientation integration'), Fig. 1. (A) . A 45°cosine Gabor envelope formed by contrast modulation of a 0°carrier. (B). Non-oriented filter-rectify-filter scheme: The output of a bank of non-oriented first-stage filters is rectified prior to feeding into second-stage filters of diverse orientation and low spatial-frequency tuning. (C). Non-integrative filter-rectify-filter scheme: Oriented first-stage filters feed into second-stage filters of like orientation and lower spatial-frequency tuning. (D) . Early integrative filter-rectify-filter scheme: The outputs of oriented first-stage filters are integrated prior to feeding into second-stage filters of diverse orientation tuning. (E). Fully-connected filter-rectify-filter scheme with late orientation integration: Each orientation band of first-stage filters feeds into a subgroup of oriented second-stage filters followed by integration of outputs from second-stage filters of like orientation. The alternative fully-connected arrangement in which all first-stage filters feed into all second-stage filters within a spatial-frequency band (equivalent to early orientation integration) is not shown. The filters (and pathways) likely to be active in response to the 45°CM are highlighted in bold. also predicts equal sensitivity for all carrier-envelope orientation combinations. (The implications of early versus late orientation integration are considered further and tested in Section 5).
Against the notion of orientation integration (either early or late) it has been shown that texture segmentation based on orientation differences is enhanced when the orientation of the texture elements is parallel to the orientation of the texture boundary (Nothdurft, 1992; Wolfson & Landy, 1995) , and that masking of CM patterns is orientation-selective and peaks at orientations parallel or perpendicular to carrier orientation (Dakin & Mareschal, 2000) . However, in support of orientation integration the same study found that detectability of CMs is constant as a function of carrier orientation so long as the spatial-frequency relationship between CMs and their carriers is as prescribed by Sutter et al. (1995) .
Three experiments were conducted to explore the orientation relationship between putative first-stage and second-stage filters in the context of the detection and orientation discrimination of luminance modulated (LM) and contrast modulated (CM) cosine Gabor envelopes formed from sinewave carriers. The specific aims were: (i) to estimate relative weightings of particular combinations of envelope and carrier orientation; and (ii) to quantify the extent of summation of particular CMs formed from multiple carriers each of different orientation and/or spatial frequency. The results indicate near-perfect summation of CMs across carrier orientations, coupled with weaker probabilistic summation across carrier spatial frequencies. In the final experiment, using Gabor micropattern carriers, it is shown that the breadth of distribution of carrier orientations has little effect on detection of CMs. This result suggests that the orientation integration underlying the effects obtained occurs at an early (pre-stage two) rather than late stage (post-stage two) of visual processing.
General methods

Obser6ers
Observers were the author and two practiced naive observers.
Apparatus
All stimuli were presented on a 21'' EIZO high-resolution monochrome monitor at a distance of 1.5 m, gamma corrected to 32 000 grey levels (from 0 to 55 cdm − 2 ) via a Visionworks TM calibration system. These stimuli were generated by a Cambridge Research Systems TM CRS2/3F board, which was controlled by custom-written C-programs based on Visionworks TM graphics routines. Details of stimuli and procedures are provided in the methods for each experiment.
Experiment 1: detection and discrimination of LM and CM envelopes as a function of carrier orientation and envelope orientation
The first series of experiments estimated to what extent the orientation tuning of putative second-stage processes is tied to that of first-stage processes. Envelope detection and discrimination thresholds were measured for LM and CM envelopes as a function of absolute and relative carrier and envelope orientation. In addition, envelope perception at suprathreshold contrasts was investigated by matching LM envelopes with CM envelopes.
Stimuli
Stimuli were combinations of high spatial-frequency 1-D sinusoids (the carriers) and low spatial-frequency 2-D cosine Gabors (the envelopes). Gabor envelopes were either combined multiplicatively (CM) or additively (LM) with the sinusoid (Fig. 2) according to the following method: (i) A 3× 3°square region was filled with a sinewave of f c = 9 cpd, amplitude A= 1, and orientation 0-90°to the right of vertical:
where x c = x cos(q c )+ y sin(q c ); (ii) A Gabor waveform was produced by multiplying a f e = 1 cpd, 1-D cosine function by a symmetric 2-D gaussian envelope of standard deviation | = 1°:
where x e = x cos(q e )+ y sin(q e ), for envelope orientations q e = 0, 45, or 90°to the right of vertical; (iii) The CM stimulus was then produced by multiplying these two waveforms and converting resultant values into luminance levels according to:
where L max = 55 cdm − 2 . The resultant appeared as a surrounding sinewave region of 40% contrast with a 100% (maximum) CM Gabor at its centre (see Fig.  2A -C); (iv) The LM stimulus was produced by adding the cosine Gabor waveform to the sinusoid, and converting these values into luminance levels according to: In this case the resultant appeared as a surrounding sinewave region of 40% contrast and mean luminance (27.5 cdm − 2 ) with a 40% LM Gabor at its centre, varying in mean luminance from 27.5 to 44 cdm − 2 (see Fig. 2D-F ). In addition, both positive (as described) and negative (inverted) sign versions of both the CM and LM waveforms were created.
The stimuli for the orientation discrimination experiment were identical in profile and method of construction to those of the detection experiment except that: (i) no horizontally-oriented envelopes were employed (the detection experiment showed no difference between the horizontal and vertical conditions); and (ii) all LMs were set at a contrast that matched the subjective salience of the CMs at their maximum contrast (see next section for methodological details). (0, 22.5, 45, 67.5 , and 90°to the right of vertical). This resulted in 15 different CM and LM stimuli (note, only one observer, the author, was tested with all these stimuli [including some additional orientations between 0 and 22.5°]; the second observer was tested with only a subset). Envelope detection thresholds were measured using a 2AFC method of constant stimuli as a function of: (i) the orientation of the envelope; (ii) the orientation of the carrier; and (iii) the orientation difference between envelope and carrier. Observers participated in numerous blocks of 140 trials in which the contrast of the Gabor envelope (either CM or LM) for a single combination of envelope and carrier orientation was varied randomly, with 7 different contrasts (representing equally-spaced increments) presented 20 times each. Data from at least three of these blocks was combined for subsequent analysis.
Each trial consisted of presentation of two 250 ms intervals (separated by 600 ms) in which 1 of 2 versions of the same stimulus was presented: The carrier-envelope combination (with the envelope at 1 of 7 contrast levels), and the 40% contrast carrier alone (i.e. with envelope contrast set to 0%). For each trial observers were instructed to press a left mouse button if the carrier-envelope combination occurred in the first interval, and the right mouse button if the carrier-envelope combination occurred in the second interval. Audio feedback (1 beep= first interval; 2 beeps= second interval) was provided after each response.
In each trial carrier phase was set at a random multiple of 180°, as was phase of the cosine Gabor envelopes (the phase of the carriers and the envelopes was uncorrelated). For the LM condition the envelopes would thus appear as light-centre or dark-centre in each trial, while for the CM condition the envelopes would appear as high-contrast-centre or low-contrast centre from trial to trial. Observers received practice with all stimuli until thresholds stabilised.
En6elope orientation discrimination. A similar 2-AFC method of constant stimuli was used to measure orientation discrimination thresholds. In each block of 180 trials the observer was presented with a single combina-tion of carrier orientation and envelope orientation (either CM or LM), where the envelope in the second temporal interval differed in orientation from that in the first by 1 of 9 equally-spaced angles (4 counterclockwise relative to the orientation of the envelope in the first interval; 4 clockwise relative to the orientation of the envelope in the first interval, and 1 at the same orientation as the envelope in the first interval). Each block contained 20 randomly-ordered repetitions at each of these orientation differences.
Observers pressed the left mouse button if the second interval contained a Gabor envelope at counter-clockwise orientation relative to the envelope of the first interval, and a right mouse button if the second interval contained an envelope at clockwise orientation relative to the envelope of the first interval. All other details were as described for the detection experiment except that feedback was now based on the actual orientation of the second interval Gabor, with feedback randomised when the first and second interval envelopes were of identical orientation.
To permit comparison between CM and LM versions of the stimuli, CM stimuli were presented at 60% contrast, and during a pre-test each observer used a method of adjustment to set the LM contrast to subjectively match that of the CM stimulus. Only one carrierenvelope orientation combination was used for this pre-test (the vertical-carrier plus vertical-envelope combination).
Contrast matching. A 2-AFC method of constant stimuli was used to determine the perceived saliency of CM envelopes relative to LM envelopes. Particular combinations of envelope orientation and carrier orientation were used, consisting of Gabor envelopes of either vertical, right-oblique, or horizontal, combined with a carrier of either 0 (vertical), 22.5, 45, 67.5°(all right of vertical), and 90°(horizontal). Each trial consisted of two intervals of 250 ms (separated by 600 ms) in which the same carrier-envelope combination was presented twice: in the one interval the envelope was CM at 60% contrast; in the other interval the envelope was LM at one of 7 equally-spaced (and randomly-ordered) levels of contrast. Observers were required to use left/right presses of a computer mouse to indicate in which interval the envelope was more salient. Each LM contrast level was presented 20 times in random order, giving 140 trials per block. No feedback was provided.
Results
Orientation detection
Psychometric functions (% correct: from 50 [guessing] to 100%) for each of the seven envelope contrast levels were fit by cumulative normal gaussians. Detection thresholds were taken as the envelope contrast giving 75% correct detection. Results are summarised in Fig. 3 and show that LM envelopes were more easily detected than CM envelopes. This is consistent with the findings of Lin and Wilson (1996) in the context of orientation discrimination. The most important finding, however, was that, at least with the 9:1 carrier to envelope spatial-frequency ratio employed, neither LM nor CM envelopes produced differential thresholds consistent with preferential weighting of certain carrier-envelope orientations.
Although not directly relevant to the set aims of the present research, it is also worth noting that while Lin and Wilson (1996) obtained oblique effects with both LM and CM envelopes, and weaker oblique effects also in terms of carrier orientation, the present experiment yielded only a slight oblique effect for LM envelopes. One reason might be that the CM stimuli in the present experiment, when at threshold, were effectively non-oriented. This possibility was considered through use of suprathreshold CM envelopes (see below).
Another possibility is that the poorer orientation thresholds for CM stimuli at oblique orientations reflects the operation of second-stage filters that are shorter than their first-stage counterparts. This was modelled by Lin and Wilson (1996) as 'stunted' secondstage filters of one third normal length. Lin and Wilson employed D6 envelopes that were 3 times longer than they are wide, giving an advantage to elongated filters that are more efficient at integrating along their length. Hence, the shortening of filters subserving oblique axes would translate into a reduced capacity to take advantage of the smaller orientation bandwidths provided by D6 envelopes relative to circular envelopes. However, the CM envelopes of the present experiment were circular and a shortening of filter length would not be expected to be as detrimental. This explanation fits the discrepancies between our data quite well: that is, my oblique effects were weaker than those of Lin and Wilson, particularly for CM stimuli where the underlying filters are presumably second-stage.
Orientation discrimination
Psychometric functions (percentage of 'clockwise' responses, from 0 to 100%), for each of the 9 envelope orientations, were fit by cumulative normal gaussians, with orientation discrimination thresholds taken as half the distance between the 17th and 83rd percentiles (cf. Finney, 1971) . Results are summarised in Fig. 3 . As with Lin and Wilson (1996) , but unlike the detection experiment reported above, orientation discrimination thresholds showed oblique effects for both CM and LM patterns. Again no effects of carrier-envelope orientation differences were obtained. For the LM stimuli this was not surprising since the envelopes in these stimuli would be accessible to first-stage linear filters. However, for CM stimuli this was consistent with the proposition that first-stage and/or second-stage outputs are integrated across orientation.
It is worth considering discrepancies in the magnitude of discrimination thresholds for the present experiment compared with those of Lin and Wilson (1996) . Specifically, while thresholds for the CM patterns were in line with previous reports: 3 -4°versus around 2°for Lin and Wilson (with equivalent combinations of envelope and carrier spatial-frequency and durations of presentation; see their Fig. 4 ) thresholds for the LM patterns were discrepant: 2 -3°versus around 0.75°for Lin and Wilson. This was a concern given that thresholds below 1°are usually obtained with luminance patterns. Three differences in LM stimuli may have accounted for this: (i) the LM envelopes of the present experiment were circular whereas those of Lin and Wilson were D6s that were about 3 times longer than they are wide, thus possessing orientation half bandwidths approximately a factor of 3 less than our own; (ii) the LMs of the present experiment were a more valid control for the CMs because they were produced by luminance modulation of the same carriers as used for the CMs: Lin and Wilson simply used luminance D6's with no carriers superimposed and hence, their LM orientation thresholds would not have included any interaction effects with the carriers; (iii) mean luminance of the present stimuli was much lower (27.5 cdm − 2 ) than that of ).
Contrast matching
Psychometric functions were fit with cumulative normal gaussians with the mean point of the functions (at which CM envelopes were reported as more salient than LM envelopes 50% of the time) taken as the point of subjective equality. The results, shown in Fig. 4 , suggest no relationship between Gabor envelope orientation and carrier orientation other than a simple oblique effect related to carrier orientation. This pattern of results corresponds with those of the detection and discrimination experiments in demonstrating independence between carrier orientation and envelope orientation.
It is also interesting to note that, unlike the detection experiment, clear oblique effects were obtained. That is, elevated thresholds were reported uniformly for all conditions that involved carrier orientation of approximately 45°. However, there was no oblique effect that was specific to envelope orientation, nor was there an interaction between carrier orientation and envelope orientation with regards to oblique effects. This reinforces the results of the detection and discrimination experiments in suggesting that first-order orientation is not tied to second-order orientation. integration of filter outputs across orientation (either prior to the second stage, as depicted in Fig. 1D , or subsequent to the second stage). The most direct approach, adopted in the present experiments, was to estimate the efficiency with which CMs carried by different orientation and/or spatial frequency are combined.
The typical stimulus employed was composed of left-oblique and right-oblique sinusoidal carriers superimposed to produce right-angle plaids, with a single Gabor envelope (always left-oblique) produced by contrast modulation of the two carriers (i.e. the two plaid components). Thresholds for detecting the CM envelope were then measured as a function of the degree to which each plaid component 'carried' the CM. By measuring thresholds for particular ratios of component modulation, and comparing these with thresholds for detecting CMs of single components alone, it was possible to quantify and directly compare the degree of integration of first-order content across orientation and spatial-frequency. The method of analysis employed was a variant of Quick's sensitivity measure (cf. Quick, Mullins, & Reichert, 1978; Graham, 1989) , used previously to quantify summation of first-order spatial frequency (Watson, 1982; Graham & Robson, 1987) , spatial extent (Robson & Graham, 1981) , and temporal extent (Watson, 1979) . The novel approach here was to apply the same logic to second-order content carried by pairs of similar or different first-order carriers.
Stimuli
Stimuli were pairs of superimposed, obliquely-oriented sinewave carriers extended to fill a square region 3×3°across. The orientation of these carriers was either the same (both left-oblique), in which case the carriers formed compound 1-D patterns, or they were 90°apart, in which case the carriers formed obliquelyoriented 2-D plaid patterns. The carriers were either the same spatial frequency (both 9 cpd), 1 octave apart (9 and 4.5 cpd), or 2 octaves apart (9 and 2.25 cpd; note: same-frequency pairs were only used when the carriers were orthogonal in orientation). When carriers were orthogonally-oriented plaids it was the spatial frequency of right-oblique component that was manipulated.
The envelopes were cosine Gabors oriented 45°left of vertical. These envelopes were produced by CM of both carriers to varying degrees. Specifically, the ratio of modulation carried by the left-oblique (or low spatial frequency) and right-oblique (or high spatial frequency) plaid components was 1. 
Experiment 2: detection and discrimination of CMs as a function of relative orientation and spatial frequency of plaid carriers
The previous series of experiments revealed complete independence of orientation selectivity between firststage and second-stage processes. The present series of experiments sought to determine whether this independence reflects numerous parallel couplings of first-stage and second-stage filters (as depicted in Fig. 1E ) or 4.1.2. Procedure Experimental procedure. The general procedure used for estimating envelope detection thresholds was as described in Section 3, except that in this case there were 9 different versions of each Gabor-carrier combination, corresponding to the 9 different modulation ratios listed above. As the Gabor envelope was varied in contrast in each trial, the CM ratio of the two carriers required to produce the envelope was fixed at one of these 9 values.
Both symmetric versions of each modulation ratio (e.g. 0.75:0.25 and 0.25:0.75) were interleaved in a single block. In each of these blocks a single combination of carrier orientation (same-orientation or plaid) and spatial frequency (same spatial frequency, one octave apart, or two octaves apart) was presented 84 times at each of the two symmetric (out of a total of 7) carrier modulation ratios (this meant that the 0.5:0.5 ratio was tested over twice as many trials as the other ratios). These 84 trials per combination represented 12 repetitions of each of seven envelope contrasts (representing 7 increasing contrasts separated by linear steps of equal size), giving a total of 168 trials per block. At least 4 blocks of trials were combined for analysis. All other details (including practice, timing, etc.) were as described in the envelope detection part of Section 3.
Summation squares. One can plot the results of manipulating carrier modulation ratios in summation squares such as those of Fig. 6 (top left) . These summation squares represent particular CM thresholds as the intersection of a point on the x-axis equal to the contrast of one component at this threshold, relative to its own threshold (when it is the only component being modulated), and a point on the y-axis equal to the contrast of the second component at this threshold, relative to its own threshold. Normalising component contrast in this way results in summation squares where the extreme x and y values (in which only one component is modulated) are always equal to 1.0.
If CMs of the two components are summed linearly then all envelopes should be equally visible (a straight line between x= 1.0 and y= 1.0; i.e. k= 1 curve). In the converse situation the CM of both carriers is no more salient than the CM of either component alone. In this case the Gabor envelope would be detectable only when either one of its components reaches threshold (a line that borders the x = 1.0 and y = 1.0 extremes). The complete absence of summation is unrealistic given that probabilistic summation would result in improved performance when more than one carrier modulation is present. Perfect linear summation is also unrealistic since the actual degree of measurable summation will be affected by the variability in the responses of first-stage filters across the area of the stimulus, the degree of correlation in response between these filters and, most importantly, the slope of the function that represents each individual filter's probability of detecting a signal as a function of that signal's magnitude (see Graham, 1989 , p. 154 for discussion).
Results
Cur6e fitting
Psychometric functions (% correct: from guessing [50%] to always correct [100%]) for each of the seven envelope contrasts, for each of the 15 stimuli, were fit with cumulative normal gaussians. Detection thresholds were taken as the envelope contrast giving 75% correct envelope detection (as per Section 3). Thresholds were then converted into: (i) the contrast of the left-oblique (and/or the high-spatial-frequency) carrier at this threshold given the modulation ratio used; and (ii) the contrast of the right-oblique (and/or low-spatial-frequency) carrier at this threshold given the modulation ratio used.
Envelope detection thresholds were represented in summation squares as the point of intersection between the individual carrier contrasts, with the contrast of the right-oblique and/or low-spatial-frequency carrier represented along the x-axis, and the contrast of the left-oblique and/or high-spatial-frequency carrier represented along the y-axis. These normalised thresholds were fit according to a Minkowski metric (see Graham & Robson, 1987; and Fig. 6 for examples) to solve for k, the exponent quantifying the degree of summation of the two carriers:
where x is the normalised contrast threshold of component j= 1 (the left-oblique/high spatial frequency component), y is the normalised contrast threshold of component j =2 (the right-oblique/low-spatial-frequency component), a is the threshold for j=1 when presented alone (expected to be 1.0), and b is the threshold for j= 2 when presented alone (also expected to be 1.0). With two components, a value of k of 1 indicates linear summation, a value of indicates no summation, and a value between 2 and 5 indicates probability summation.
Interpretation of summation squares
In Fig. 6 the effects on envelope detection thresholds of changes in relative carrier orientation and relative carrier spatial frequency are plotted in summation squares. Included are theoretical results corresponding to values of k of 1 and 5.
The linear summation observed with carriers separated in orientation by 90°(values of k around 1) represents clear evidence that CMs are almost perfectly integrated across orientation This result is consistent with Section 3 in which the orientation of single carriers was shown to be irrelevant in predicting visibility and discriminability of contrast modulations of the carrier.
The situation with spatial-frequency differences between carriers is more complex, in that increasing difference along this dimension did result in less efficient summation of CMs. With observer BG this effect was large when a 1-octave difference was introduced; with observer AM the effect was less pronounced, even with a 2-octave difference. This result is not consistent with Jamar and Koenderink (1985) who reported no spatialfrequency tuning of first-to second-stage connections, but it is consistent with Sutter et al. (1995) who reported weak spatial-frequency tuning.
Overall, the present results indicate the involvement of mechanisms that are selective for second-order orientation and for first-order spatial frequency, but which are insensitive to first-order orientation. The nature of these mechanisms is characterised in more detail in Section 5.
Experiment 3: detection and discrimination of LM and CM envelopes as a function of carrier orientation bandwidth
While the results of the previous experiments rule out the no-integration (Fig. 1B) and parallel fully-connected (Fig. 1E ) models due to their inability to account for efficient integration of first-order orientation, they leave unanswered the question of the locus of orientation integration. With the early integration model (Fig. 1D ) the locus is prior to the operation of second-stage filters. In one version of the fully connected model (Fig. 1E ) integration can be late by having separate groups of second-stage filters serving separate orientations of first-stage filters. To address this issue the present experiment employed micropattern Gabor carrier arrays in which the distribution of orientations of Gabors in the arrays could be manipulated and measurement made of detection and orientation discrimination thresholds for LMs and CMs of these Gabors.
This approach exploited a fundamental difference in the efficiency with which first-order information is combined depending on whether orientation integration occurs at an early versus a late stage. With early integration second-stage filters will respond when the combined modulation of all first-stage filter outputs (irrespective of their orientation) reaches some threshold level. This predicts that CM detection and discrimination thresholds will be unaffected by increasing orientation bandwidth of the Gabor carrier arrays. With late integration second-stage filters will receive outputs only from the subset of first-stage filters that correspond to their orientation preference. Conse- quently, with increasing orientation bandwidths of carrier arrays fewer second-stage filters will reach threshold, and the net output available for subsequent cross-orientation integration processes will be diminished. This predicts that CM detection and discrimination thresholds will be adversely affected by increasing orientation bandwidth of the Gabor carrier arrays.
Stimuli
CM and LM stimuli were constructed as in Section 3 except that multiple, 20×20 arrays of cosine Gabors of f= 9 cpd, | =0.11°, with a background mean contrast of 40% contrast, were used. Orientation bandwidths of these local Gabors was estimated according to:
where i is the length of the Gaussian envelopes at height 1/e and f is carrier spatial-frequency (Daugman, 1985) . This yielded orientation half bandwidths of 20.2°, which compares favourably to the 21°band-widths estimated for simple cells of primate visual cortex (DeValois, Yund, & Hepler, 1982) . Although not included in Fig. 8 , these local orientation bandwidths could be added to the global orientation bandwidths introduced by orientation jitter of individual Gabors, to give a more complete description of the orientation distribution of Fourier energy actually present in the displays (note, this would simply shift the functions uniformly to the right by 20.2 points). A second difference between these stimuli and those of Section 3 was that the Gabor envelopes were of slightly lower spatial frequency (0.6 cpd). The distribution of carrier orientations within a carrier array (referred to in this context as the orientation bandwidth) could be varied independently of mean carrier orientation (which was kept constant for a particular stimulus).
The orientation of LM and CM Gabor envelopes was always 0°(vertical); the mean orientation of the carrier arrays was either 0 (vertical), 45 (right-oblique), or 90°(horizontal), and the orientation bandwidth of the carrier arrays was either 0, 20, 40, 80, or 160°. Combining mean carrier orientation, carrier orientation bandwidth, and envelope type (CM or LM) produced 30 different stimuli (see Fig. 7 for examples).
Procedure
The methods used to measure envelope detection thresholds and orientation discrimination thresholds were identical to those described in Section 3, including use of a pretest to match the visibility of the LM envelopes to that of the CM envelopes at the CM's maximum contrast (60% contrast). Individual carrier Gabors within an array were randomly jittered by half their period ( 9 3.3 min) in both x and y directions in each trial (this jittering was identical for the stimulus in the first interval and the second interval of each trial). It is important to note also that the contrast (for CM patterns) or luminance (for LM patterns) of each carrier Gabor was set only after the position of each carrier was determined. As in Section 3, in each trial the phase of the cosine Gabor CM was rotated randomly by multiples of 180°.
Results
Orientation detection. Only one observer (AM) was tested in the envelope detection experiment. The results for this observer were analysed as in the detection experiment of Section 3, and are shown in Fig. 8 . As in Section 3, detection of CMs was poorer than LMs. The difference between these two types of envelope was relatively constant as a function of envelope orientation and mean carrier orientation. Furthermore, the difference in orientation between Gabor envelopes and the mean orientation of the carriers (from 0 to 90°) had little effect on detection thresholds for either LM or CM envelopes.
With regards to carrier orientation bandwidth, inspection of the figure shows a small detrimental effect on detection thresholds, at least for orientation bandwidths above 40°. However, it is important to note there was absolutely no difference in the effects of carrier orientation bandwidth on detection of CM envelopes relative to LM envelopes. This is consistent with first-order information being combined across orientation prior to the extraction of second-order structure.
Orientation discrimination. Two observers were tested in the envelope orientation discrimination experiment. The results were analysed as in the orientation discrimination experiment of Section 3, and are also shown in Fig. 8 . As in Section 3, orientation discrimination with CM envelopes was poorer than that with LM envelopes of the same spatial dimensions. Again, the difference in performance between these two conditions was relatively constant as a function of envelope orientation and mean carrier orientation. As was the case with detection thresholds, orientation discrimination thresholds were also unaffected by either the difference between envelope orientation and mean carrier orientation, or by the orientation bandwidth of the carrier array. This provides converging evidence, using a task where the envelopes are above their threshold for detection, that carrier orientation integration precedes the second stage of filtering.
As to the question of why carrier bandwidth had a uniform effect on LM and CM detection and discrimination, this may be related to the fact that with greater bandwidths there are fewer opportunities for collinear arrangements of Gabors to arise. Collinearity might introduce a contribution from grouping processes (perhaps via association fields of the type proposed by Field, Hayes, & Hess, 1993) , whose differential activity in response to luminance or contrast modulations could provide an additional signal from which CM or LM structure could be determined. This idea (that is considered further in the Discussion) correctly predicts that CM and LM detection and discrimination will be superior with smaller orientation bandwidths.
Discussion
Implications for orientation selecti6ity
Orientation detection and discrimination thresholds were measured for CM envelopes in order to reveal the processes underlying perception of second-order structure. Section 3 showed that perception of CMs is unaffected by carrier orientation, a result that was replicated in Section 4 using plaid carriers where the amplitude of contrast modulation of each plaid component was manipulated independently. The results of these experiments revealed highly effective and broad integration of carrier orientation. Section 5 was designed to determine whether the locus of this orientation integration is before or after the putative second stage of processing. The finding that carrier orientation bandwidth had no effect on sensitivity to CMs was strongly indicative of early integration, and was consistent both with the early integration model (Fig. 1D ) and the fully-connected model with early integration (variant of Fig. 1E without separate second-stage subgroups).
The advantage of combining first-order orientation is that it substantially reduces the number of first-secondstage filter combinations required to code for the orientation of CM patterns. In addition, early orientation pooling would reduce the effects of intrinsic (neural) noise of first-stage filters, the reason being that such noise will be uncorrelated across different orientations (cf. Watt, 1988) . The cost incurred, however, is loss of sensitivity to abrupt or gradual modulations of orientation (i.e. OMs), necessitating the involvement of separate processes for this purpose. Indeed, detection of OMs is well modelled by a special class of second-stage filters that integrate orientation in a centre-surround, opponent fashion ; Olavarria, DeYoe, Knierim, Fox, & Van Essen, 1992 ; Kingdom, Keeble, & Moulden, 1995; Kingdom & Keeble, 1996; Gray & Regan, 1998) . Separation of first-order orientation in the context of texture processing is supported by evidence of orientation facilitation effects in perceptual segregation, for example, when texture elements are parallel to a texture boundary (Wolfson & Landy, 1995) or when the texture elements undergoing pop-out are aligned (Nothdurft, 1992) .
Implications for spatial-frequency selecti6ity
The results of the present research also have implications for spatial-frequency relationships between first and second-stage filters. Since in Section 4 cross-carrier CM summation was quantified in terms of contrast threshold units (i.e. relative to CM thresholds derived from each carrier component modulated alone), it was also possible to compare directly the degree of CM integration across orientation relative to CM integration across spatial-frequency. Although there were substantial inter-subject differences, the results indicated only probabilistic spatial-frequency integration across separations of 1-2 two octaves (consistent with the narrow spatial-frequency masking effects on CM detection reported by Dakin & Mareschal, 2000) . This result does not necessarily imply segregation of first-stage outputs: it could just as easily result from having numerous diverse first to second-stage spatial-frequency combinations coexisting in approximately equal number.
The combination of orientation pooling and spatialfrequency segregation parallels closely results of firstorder spatial-frequency discrimination experiments where cues to assist the discrimination task are superimposed on the target stimulus. These experiments show that discrimination performance is open to modulation (either facilitation or masking) by components presented at orthogonal orientations to the target (Olzak & Thomas, 1991) but not when presented at different spatial-frequency bands (Thomas & Olzak, 1990) . As with the present results, this indicates that at the level of discrimination the visual system integrates information across orientation but not across spatialfrequency.
Role of orientation-specific interactions
Using Gabor patches with elongated contrast envelopes, where the orientation of envelopes was manipulated independently of the orientation of the sinewave carrier (these stimuli appear as elliptical contrast blobs containing a grating without the presence of a grating surround), it has been shown that orientation discrimination of envelopes is independent of carrier orientation (Morgan, Mason, & Baldassi, 2000) . While this parallels the results of the present research in indicating orientation independence between putative first and second-stage filters, these researchers (along with Dakin et al., 1999 ) also reported biasing effects of envelope orientation on carrier orientation indicative of orientation-specific interactions between the two stages. The biasing effect, which resembles the twisted cord phenomenon of the Fraser spiral as well as similar distortions of global orientation by local orientation (reported previously by Tyler & Nakayama, 1984; Morgan & Baldassi, 1997) are difficult to reconcile with the notion of complete orientation integration. Dakin et al. (1999) took these orientation biases as evidence of skewness in the distribution of activity of oriented filters introduced by the envelope (in the Fourier domain an elongated contrast envelope corresponds to a distortion of the carrier's profile in the direction orthogonal to the axis of envelope elongation; see their figure 11; see also Daugman, 1985) . They modelled these biases in terms of the of the activity of two parallel pathways: one that is contrast sensitive and composed of low spatial-frequency second-stage filters that receive inputs from high spatial-frequency firststage filters of the same orientation; a second that is contrast insensitive and composed of second-stage filters that receive inputs from high spatial-frequency first-stage filters that are of orthogonal orientation and of broader orientation tuning. They proposed a subsequent combination of second-stage outputs arising from each pathway, resulting in skewness in the distribution of outputs when the orientation of envelopes and carriers is slightly discrepant. This skewness was thought to arise from the greater influence of carrier orientation due to the contrast sensitive pathway being more narrowly tuned for orientation. (Morgan et al., 2000 , also proposed that orientation illusions reflect orientation-specific interactions, but in their case first and second-stage outputs are combined selectively in order to favour combinations of similar first and second-order orientation).
In combining orientation-specific interactions between the first and second-stage filters with subsequent integration of second-stage outputs, Dakin et al.'s model differs markedly from the early integration and fully-connected schemes suggested by the results of the present paper. It is appealing because it offers the possibility of reconciling the seemingly contradictory findings of first and second-order orientation independence in the context of the CM discrimination results, with the orientation-specific interactions evidenced in first/second-order orientation illusions.
General support for the model comes from recent research on orientation integration across space. Field et al. (1993) showed that subjects could perceptually group chains of target Gabors embedded in arrays of identical but randomly-oriented noise Gabors so long as the carriers of the target Gabors were aligned along the curved grouping path (this result has been replicated using closed grouping paths; Kovacs & Julesz, 1993 . The orientation dependence of grouping performance is inconsistent with early orientation integration. In addition, it was observed that grouping was possible (although not as compelling) with target Gabors that were oriented side by side, perpendicular to the grouping path (Field et al.) . This is strong evidence for the existence of a contrast insensitive pathway, and supports Dakin et al.'s notion that this pathway is less selective for first-order orientation.
The applicability of this model to the present results depends in large part on the magnitude of effect predicted when orientation-specific grouping is disrupted, as would have occurred with orientation bandwidths were increased from 9 0 to 9 160°in Section 5. In contradiction to the model it was shown that the almost complete removal of perceived grouping associated with use of 9 160°bandwidths had only a small effect on envelope detection and discrimination thresholds, and that this effect was identical for CM and LM envelopes. In addition, it has been shown that as orientation differences between target Gabors increases, tolerance to spatial-frequency differences between them decreases (Dakin & Hess, 1998) , a finding that is inconsistent with the independence between orientation and spatialfrequency sensitivity to CM patterns indicated by the results of Section 4.
One can attempt to resolve these discrepancies by proposing that orientation-specific processes are relevant only to detection-in-noise tasks and are not involved in the discrimination of suprathreshold second-order structure per se. Support for this proposition comes from evidence that discriminating the global shape of arrangements of Gabors is dependent exclusively on the location of second-order structure and is unaffected by variations in contrast polarity, phase, or orientation of the carriers (Levi, Sharma, & Klien, 1997; Keeble & Hess, 1999) . It remains to be seen whether or not first and second-order interactions evidenced in perceptual grouping and in envelope repulsion and attraction illusions are relevant to understanding the organisation of processes underlying detection and discrimination of CM patterns.
The role of lateral orientation interactions
It is interesting to interpret the present results in the context of a series of experiments conducted by Georgeson and colleagues on the perceived structure of plaid patterns as a function of their component properties. It is well known that plaid patterns formed by superimposition of two orthogonal and oblique gratings form blurred checkerboards with vertical and horizontal structure, indicative of some form of orientation integration (Georgeson, 1992) . Interestingly, at lower component contrasts the shape of the emergent structure is diamond-shaped, consistent with the components themselves (Georgeson & Shackleton, 1994; Georgeson & Meese, 1997) . This dependence on contrast is consistent with the proposition that the checkerboard percept arises as a result of the activation of filters tuned to orientations between the components (the 'bridge' hypothesis; Georgeson & Meese). Georgeson and Meese showed that the addition of high spatial-frequency odd harmonics could strongly bias perceived plaid structure in favour of component orientations (i.e. diamond-shaped: as if the contrast of the components had been reduced to threshold levels). It was speculated that the additional filters stimulated by the harmonics could have inhibitory effects that serve to reduce or remove the bridging activity between the primary components (various adaptation effects confirmed this general principle).
From this perspective the results of Section 4 might reflect the detection of changes in emergent plaid structure as 'bridging' activity increased or decreased with changes in relative component contrast. Similarly, the finding that orientation integration did not occur across spatial-frequencies could reflect a reduction in orientation bridging effects across spatial-frequency, particularly when both orientation and spatial-frequency differences exist (in the latter case the distance to be bridged would correspond to a diagonal vector in frequency space).
Limitations of the research
Before drawing conclusions from the present results it is important to point out (and attempt to resolve) some limitations of the experiments. The most important of these is that the orientation integration found could be explained on the basis of non-oriented firststage filters. Although feasible (as well as being neurally efficient since it minimises first and second-stage orientation combinations), this interpretation is unlikely for 2 reasons. First, physiological evidence points to the involvement of cortical, oriented first-stage filters in CM detection (see Zhou & Baker, 1993 Mareschal & Baker, 1998) . Second, observers are able to ignore Fourier masks that are of different carrier orientation (and/or spatial-frequency) when making judgements about non-Fourier structure (Dakin & Mareschal, 2000) .
It is also worth considering the implications of the present results to processes other than those involving a 'filter-rectify-filter' organisation. For example, one can propose that a non-linearity in the response of neurones early in the visual pathway creates a distortion product modulated at the CM's spatial-frequency and that this signal is accessible to first-order filters without the need for rectification (e.g. Burton, 1973; Henning et al., 1975) . However, most research, particularly the finding that the addition of LM content does not null perception of CM content (Scott-Samuel & Georgeson, 1999) contradicts this possibility and suggests instead that while distortion products occur they do not contribute significantly to second-order percepts.
In all the experiments high spatial-frequency carriers were coupled with low spatial-frequency CM envelopes (typically, a ratio of around 9:1 cpd was used). Is it possible, therefore, that Fourier energy at 8.5 and 9.5 cpds (i.e. 91/2 cpds around the frequency of the luminance carriers) influenced CM detection at 1 cpd? As CM contrast increases the Fourier energy at the 9 1/2 cpd sidebands increases (note that with the present stimuli carrier energy would not have been replaced by sideband energy due to the use of carriers of constant 40% baseline contrast). Sideband energy increases both with increasing CM contrast and increasing CM spatial-frequency (up to the carrier frequency), and could serve as a cue for the presence of CMs under these conditions. Whether or not this cue affected the present results depends on whether the CMs at threshold yielded sufficient sideband Fourier energy. Fig. 9 plots the Fourier energy associated with the carrier, carrier sidebands, and the CM wave. The figure shows that at CM contrast thresholds reported for most observers (typically 7%), each sideband added approximately 10% of the total Fourier energy available (note, both sidebands combined are equivalent to the CM energy). Although this energy at 91/2 cpd is unlikely to be discriminable from the far stronger carrier (Graham & Robson, 1987) , it is still in theory a potential source of contamination. Fortunately, however, other evidence suggests that sideband energy is not used in making CM judgements. For example, CM detection thresholds are better than predicted from sideband energy alone (Henning et al., 1975) , and phase randomisation of CM patterns (which destroys CM structure but leaves sideband energy intact) disrupts CM detection (Dakin & Mareschal, 2000) .
In conclusion, the pattern of results obtained is consistent with first-order information being combined efficiently across orientation but less efficiently (probabilistically) across spatial-frequency. Moreover, this orientation integration would need to occur prior to the stage at which second-order information is extracted. In the context of standard 'filter-rectify-filter' models this suggests the operation of an intermediate orientation pooling process between first and secondstage filters, analogous to having all first-stage filters connected with all second-stage filters, but only at particular spatial scales. However, the strength of this interpretation rests on assumptions made concerning the structure of first-stage filters (oriented vs non-oriented), the role of orientation-specific integrations between first and second-stage filters in CM perception, and the degree to which Fourier energy introduced by CM envelopes influences CM perception. Fig. 9 . Plot of Fourier energy corresponding to the 1 cpd CMs coupled with 9 cpd carriers used in Section 3. For analytic purposes the CM envelope was converted into a Fourier component by taking the absolute value of its luminance (relative to the mean luminance).
